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Understanding the effects of bottom-trawling induced changes in benthic community
structure, diversity and ecosystem functioning across different benthic-size components
is imperative to determine the future sustainability of bottom-trawling fisheries in deep-
sea regions. In this study, we combined field sampling observations with a pulse-chase
experiment on sediments obtained from two stations of interest along the West Iberian
Margin (WIM) distinguished by different trawling pressures. We compared these two
stations in terms of meio- and macrofauna (infauna) standing stocks, biodiversity and
several ecosystem function proxies. These proxies included: (i) 13C uptake by bacterial
communities, (ii) infauna respiration rates, (iii) penetration of 13C in the sediment,
and (iv) sediment pore-water nutrient concentrations. The pulse-chase experimental
results were complemented with a larger biological dataset partially compiled from
previous studies in the area, to investigate structural and functional diversity ecosystem
functioning (respiration) patterns across the WIM. Our observations indicated that
different regimes of trawling pressure influenced both macrofaunal respiration rates
with disturbed sediments predominantly composed of deposit-/detritus-feeding smaller-
sized macrofauna species. Moreover, sediment biogeochemical functioning (ammonium
profiles) and 13C bacterial uptake showed differences among the two disturbance
regimes. On the contrary, the biomass of small-sized biota, including bacteria and
meiofauna, did not show marked differences between stations. The general depletion
in macrofauna species richness across impacted areas of the study region was also
correlated with a reduction in total biomass and respiration, suggesting that the long
history of trawling disturbance at the WIM may affect regulatory ecosystem functions.
These preliminary findings alert for the impacts of trawling on crucial functions of benthic
ecosystems that may be imperceptible to the current tools used in monitoring programs.
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INTRODUCTION
There is cumulative evidence on the influence of anthropogenic
activities on marine biodiversity (Ramirez-Llodra et al., 2011).
This includes the deep sea, where exploitation of marine
resources has been frequently associated with changes in benthic
structure and biodiversity loss (Ramirez-Llodra et al., 2011 and
references therein; Vanreusel et al., 2016; Stratmann et al., 2018).
Since biodiversity is potentially linked to ecosystem functions
and services (Strong et al., 2015), the increasing pressure of
human-induced disturbance raises serious concerns about the
deterioration of ecosystem functioning and its integrity (Worm
et al., 2006; Danovaro et al., 2008). In marine sediments, benthic
organisms are responsible for supporting various ecosystem
functions in the sediment, which varies according to their
traits (e.g., size, mobility capacity, and feeding strategies). These
functions can be either represented by sediment reworking,
feeding and respiration activities, that directly/indirectly affect
organic material mineralization and by other biogeochemical
processes (Aller, 1982; Lohrer et al., 2004; Braeckman et al.,
2010). The macrofauna size fraction in particular (animals
generally ≥ 250 µm to few centimeters) plays a fundamental
role in sustaining sediment biogeochemistry fluxes, as well as
diversity and efficiency of microbial communities, either through
bioturbation (particle mixing), bio-irrigation (solute transfer
and sediment permeability; Aller, 1982; Lohrer et al., 2004;
Braeckman et al., 2010), and/or through biological interactions
(e.g., carbon transfer by predation). Similarly, certain meiofaunal
taxa (i.e., Foraminifera, nematodes) also contribute to sediment
processes via micro-bioturbation, particularly in the absence of
diverse macrofaunal assemblages (Rysgaard et al., 2000; Bonaglia
et al., 2014). As such, even small alterations in infauna standing
stocks, community structure, diversity and functional traits, may
result in changes in oxygen and nutrient penetration depth in the
sediment, and affect microbial-mediated processes such as carbon
remineralization and nutrient cycling (Aller, 1982; Lohrer et al.,
2004; Braeckman et al., 2010).
Among the most destructive anthropogenic activities in
the deep sea, bottom-trawling fisheries severely affect benthic
organisms and may consequently have an impact on ecosystem
functioning (Martín et al., 2014a; Clark et al., 2016; Sciberras
et al., 2018). High faunal damage and mortality rates and marked
alterations of seabed habitats have been reported in both shelf
and deep-sea studies (National Research Council [NRC], 2002;
Hiddink et al., 2006; Clark et al., 2016 and references therein).
In soft sediments, trawl nets typically homogenize the sediment
surface and, depending on trawling frequency and intensity,
these may also modify sediment biogeochemistry (Sañé et al.,
2013; Oberle et al., 2016). Sediment removal and remixing
by trawl gears causes thick nepheloid layers, reduces sediment
surface organic matter concentrations and increases sediment
sorting and porosity, which inevitably weakens water-sediment
nutrient fluxes (Sañé et al., 2013; Martín et al., 2014a,b,c; Oberle
et al., 2016). In extreme cases, repeated bottom-trawl fisheries
have physically modified entire benthic basins in terms of its
composition, texture and morphology (Martín et al., 2014a).
Moreover, the induced faunal mortality and alteration of habitat
can modify faunal interactions and benthic community structure,
and induce biodiversity loss of functionally important benthic
components (National Research Council [NRC], 2002; Clark
et al., 2016; Ramalho et al., 2018). Noteworthy is that effects
of trawling on the benthos appear to vary depending on their
size and position in relation to the seabed (infauna/epifauna),
with larger-sized fauna, such as mega-epifauna and macro-
infauna typically more susceptible to removal or damage by
trawl gears (Jennings et al., 2001a,b; Queirós et al., 2006; Clark
et al., 2016) by comparison to small-sized biota (e.g., bacteria
and meiofauna; Jennings et al., 2001b; Schratzberger et al., 2002;
Queirós et al., 2006).
So far, few studies have addressed the structure and diversity
of infauna communities in parallel with ecosystem functions in
areas affected by bottom trawling (Duplisea et al., 2001; Hiddink
et al., 2006; Sciberras et al., 2016, 2017; Hale et al., 2017) and
even less so in the deep sea (Pusceddu et al., 2014; Leduc
et al., 2016). The study of Ramalho et al. (2017) have examined,
the changes in mega-epibenthic assemblages associated with
trawling, while the study of Ramalho et al. (2018), investigated
changes in diversity in the infaunal component of the sediment,
the macrobenthos. Both studies were carried in a continental
slope area in the Western Iberian Margin (WIM) that has
been subjected to intensive bottom-trawling fisheries for several
decades (Leocádio et al., 2012). These studies showed that the
main fishing ground area was subject to a decrease of species
richness and presented important taxonomic and trophic changes
in comparison to undisturbed areas, with a higher prevalence
of opportunistic taxa. Moreover, macrofaunal communities in
the fishing grounds showed lower trophic redundancy, which
likely makes these assemblages functionally vulnerable to further
increases in disturbance, as functional (trophic) complexity
was sustained by fewer species when compared to undisturbed
locations (Ramalho et al., 2018).
Following these studies, the present work aimed to further
explore the disturbance influence on the two major components
of infauna (macro- and meiofaunal) standing stocks and diversity
patterns in concert with several ecosystem functions. Specifically,
the first part of the study we aim to determine the existence
of a biodiversity-ecosystem functioning relationships [BEF; in
the sense of Solan et al. (2004)] across different locations in
the SW Iberian margin. The assessment of how biodiversity
relates with ecosystem functioning can assist predicting the
efficiency and stability of an ecosystem under (anthropogenic)
disturbance (Strong et al., 2015). In the second part of the
study, we investigated in detail, using an experimental approach,
several faunal parameters in relation to bioturbation activity
and ecosystem function proxies (i.e., bacterial production and
biogeochemical functioning) in two locations fishing ground
(FG) and an adjacent area under low trawl pressure (AA).
Overall, we hypothesized that changes in infaunal standing
stocks, functional traits (e.g., feeding strategies and mean size)
and diversity associated with different trawling disturbance
regimes, observed in previous studies, will (i) reduce bioturbation
and organic matter processing in the sediment; (ii) lead to a
reduction of nutrient fluxes in the sediment, and (iii) these
responses will be primarily linked with changes in macrobenthic
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assemblages rather by meiofauna. Finally, we hypothesize that the
decrease of biological diversity across the region will negatively
affect secondary productivity in the fishing ground.
MATERIALS AND METHODS
Study Area
The West Iberian continental margin (WIM) presents complex
and diverse geomorphological features (Relvas et al., 2007;
Maestro et al., 2013), such as submarine canyons and rocky
outcrops. These features interact with several water masses and
fronts, determining its spatial and temporal variability in salinity,
temperature and oxygen content (Relvas et al., 2007).
Under the influence of the Iberian upwelling system, the
high seasonal primary production along the WIM (associated
with upwelling) determines productive fisheries’ conditions
(Santos, 2001; Picado et al., 2014; Kämpf and Chapman, 2016).
Specifically, the south and southwest regions off Portugal are
among the most disturbed in Europe by bottom-contact trawling
fisheries (Eigaard et al., 2016), where the majority (93.6%) of the
seabed between 200 and 1000 m water depth being disturbed at
least once a year. Furthermore, these fisheries are also associated
with an enormous footprint per unit of landings (ca. 17 km−2 t−1;
Eigaard et al., 2016), and high by-catch and discard rates (ca. 40
− 70%; Borges et al., 2001; Monteiro et al., 2001).
Sampling Strategy and Onboard Sample
Processing
During the RV Belgica cruises B2013/17 (10/06/2013–
18/06/2013) and B2014/15 (02/06/2014–10/06/2014), a total
of seven stations were sampled along the upper continental
slope off Sines and near the Setúbal Canyon (ca. 250 − 550 m
depth) for the analysis of sediment environmental parameters,
and meiofauna and macrofauna assemblages, in areas subjected
to varying trawling pressure (Figure 1 and Supplementary
Tables 1, 2). Sampling stations were initially selected based on
trawling pressure information obtained from Vessel monitoring
systems (VMS) data compiled by the Direção Geral de Recursos
Marinhos − DGRM (MAMAOT, 2012) and as in Bueno-Pardo
et al. (2017). Estimation of the pressure induced by trawling
fisheries to the seabed surface is here expressed as surface swept
area ratio (grid cell 0.05 × 0.05 degrees). Swept area ratio
values were obtained from the OSPAR Data & Information
Management system database for both 2013 and 2014 (Figure 1;
OSPAR Data & Information Management System database,
2020). This, together with the visual assessment of the seabed
conditions (i.e., presence and condition of the trawl scars;
Ramalho et al., 2017) allowed us to confidently allocate each
station to one of the following categories: not trawled (NT),
an adjacent area to the main fishing ground (AA) and the
fishing ground (FG). The NT label was only assigned to the
stations safeguarded by current legal restrictions and where
trawling has not occurred for the past decades (st. 9 and
st. 10 in the vicinity of the Setúbal canyon head; null swept
area ratio). The adjacent area (AA) stations correspond to
those that have been either undisturbed or subjected to very
few trawl passages in time and space (st. 2 and st. 6; swept
area ratio ranging between 0.32 and 0.93), but are adjacent
to the main fishing ground (Figures 1B,C). This AA area
presented overall very few and mostly eroded trawl scars during
ROV video surveys (Ramalho et al., 2017). Fishing ground
(FG) stations were located in the area where crustacean otter
trawlers are typically fishing (st. 1, st. 4, and st. 7; swept area
ratio ≥ 1.5) and video surveys detected a high number of
apparently recent trawl scars on the seabed (Figures 1B,C;
Ramalho et al., 2017).
In each station three replicate samples were collected
for environmental and meiofauna analysis with a multicorer
(MUC, ∅ 10 cm), whereas those for macrofauna analysis were
collected with a NIOZ box corer (∅ 32 cm; Supplementary
Tables 1, 2). Meiofauna and environmental samples were sliced
every centimeter down to 10 cm depth and preserved in
borax-buffered 4% formalin and frozen at −20◦C, respectively.
Macrofauna samples were initially processed by collecting the
small fraction of water on the surface of each core and sieve it
through a 250 µm mesh. Then the sediment was subsampled
at three depth layers (0−1, 1−5, and 5−15 cm). To facilitate
sediment washing and sorting procedure, each layer was washed
onboard through a set of 1 mm, 500 µm and 250 µm sieves and
fixed with 96% ethanol. Amongst the seven stations surveyed, two
(st. 6 and st. 7) were selected for the collection of additional MUC
cores in order to perform an onboard pulse-chase experiment
to explore ecosystem function aspects in comparable sites at
different levels of trawling pressure (see section “Time-Series
Isotope Enrichment Experiment”). This selection was determined
by the fact that these were the only two stations with a
similar environmental setting [depth and sediment composition,
being muddy-sand sediments (Instituto Hidrográfico, 2005a,b)],
but different trawling pressure regimes (with swept area ratio
of 0.9 and 1.5 for the st. 6 and st. 7, respectively, for the
year of 2014). Even though we recognize the importance of
including a true control (NT) in our experimental set up, due
to differences in depth and grain-size differences with the main
fishing ground/adjacent areas, this undisturbed location could
not be included.
Field Sample Analyses
Environmental Variables
Sediment environmental characterization analyses included
sediment grain size, total organic carbon and total nitrogen
content, obtained from Lins et al. (2017); Ramalho et al. (2018)
for all sampled stations (Supplementary Tables 1, 2). Grain-
size distribution was determined using a particle size analyzer
Malvern Mastersizer 2000, with a particle size range of 0.02–
2000 µm and then classified into five categories following the
Wenthworth (1922) scale: silt + clay (<63 µm), very fine sand
(63 – 125 µm), fine sand (125 − 250 µm), medium sand
(250 – 500 µm), and coarse sand (500 µm − 2 mm). Total
organic carbon (TOC) and total nitrogen (TN), expressed as
percentage of sediment dry weight, were measured using a Carlo
Erba25 elemental analyzer, after acidification with 1% HCl to
eliminate carbonates.
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FIGURE 1 | (A) Study area with an indication of all sampled stations and their position in relation to bottom trawling surface swept area ratio for panels (B) 2013 and
(C) 2014, with the corresponding analysis: meiofauna, macrofauna and environmental parameters (sediment) or pulse-chase experiment. The Setúbal canyon area
(st. 9 and st. 10) was only sampled for macrofauna and environmental parameters; bottom trawling surface swept area ratio for these stations are not shown here
due to null trawling pressure values (NT). Surface swept area data was compiled from the OSPAR Data & Information Management system database (grid cell
0.05 × 0.05 degrees). Bathymetry data obtained from EMODNet Bathymetry database (2017). The red dashed line denotes the six nautical miles limit from the
coastline, where trawling activities are legally prohibited.
Macro- and Meiofaunal Community Analyses
Both meiofauna and macrofauna composition data were
collected from the Lins et al. (2017), Ramalho et al.
(2018), respectively.
In summary, sediments retained in between 32 and 1000-
µm sieves, were centrifuged using colloidal silica polymer
LUDOX HS-40 (specific gravity 1.19) for extraction of meiofauna
organisms. This dataset, included total abundances of exclusively
metazoan meiobenthic organisms classified following Higgins
and Thiel (1988), Giere (2009). In addition, a list of the nematode
genera abundance was also provided from the sediment surface
slice (0−1 cm), estimated from a randomly picked subset of
100 to 120 nematodes mounted on permanent slides (or all
nematodes when abundances were lower than 120 per sample).
Deeper sediment layer were not analyzed in terms of nematode
genera identification due to laboratory time restrictions. The
nematodes were identified to genus level using the pictorial
keys provided by Platt and Warwick (1983, 1988), online
identification keys and other relevant literature available in
the Nemys Database (Guilini et al., 20161). Each nematode
genus was allocated to a matching trophic group, following
1http://nemys.ugent.be
the Wieser (1953) classification: selective deposit feeders (1A),
non-selective deposit feeders (1B), epistratum feeders (2A), and
predators/scavengers (2B).
Macrofauna (≥250 µm; Gage et al., 2002) individuals were
sorted and identified to the lowest taxonomical level possible,
and in the cases where a match with a species name was
not possible; each taxon was ascribed with a consistent code
across all sampled stations. To avoid overlap in the faunal size-
groups investigated, “typical” meiofauna taxa, i.e., Nematoda,
Copepoda and Ostracoda, were excluded from this dataset. Each
taxon was assigned to a matching trophic guild according to
its food source (or foraging behavior), feeding mode and food
type/size, following the classification proposed by Macdonald
et al. (2010) and other relevant literature available (e.g., Fauchald
and Jumars, 1979; Jumars et al., 2015). The following categories
were considered for: (a) food source: epibenthic (EP), sediment
surface (SR), and sediment subsurface (SS); (b) feeding mode:
omnivorous (Om), deposit feeders (De), detritus feeders (Dt),
grazers (Gr), scavengers (Sc), predators (Pr), suspension/filter
feeders (Su), mixotrophs (Mx) and suctorial parasites (Sp); and
(c) food type/size: sediment (sed), particulate organic matter
(poc) microfauna (mic), meiofauna (mei), macrofauna (mac),
zooplankton (zoo), and fish (fis).
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Biomass
Nematode biomass measured in this study was determined
for a subsample of 100−120 individuals per sediment layer.
Individual nematode length [excluding filiform tail tips; L (µm)]
and maximum body width [W (µm)] was measured under the
compound microscope (Olympus BX-50) with Olympus CellˆD
software, and body volume estimated by applying Andrassy’s
formula (wet weight; Andrassy, 1956; Wieser, 1960). A ratio of
a 0.124 was assumed to convert nematode wet weight into carbon
weight (µgC; Baguley et al., 2004).
Macrofauna biomass data obtained from Ramalho et al.
(2018), as wet weight (mg) grouped by specimens of the same
family for sample and each sediment layer (0−1; 1−5; and
5−15 cm), was converted into carbon weight (mgC) following
the taxa-specific conversion factors of Rowe (1983). Due to
their small values, macrofaunal wet weights were measured by
transferring all individuals belonging to the same family in
each sub-sample to previously weighed microtubes containing
96% ethanol that were then weighed again to obtain the wet
weight of the lot.
Individual mean biomass was calculated as the weight of
the taxon group divided by the number of individuals counted,
while total biomass was calculated as the sum of the products of
individual biomass and abundance of each taxon. Total biomass
for meio- and macrofauna were expressed as mg C.m−2.
Allometric Respiration Rates
Allometric respiration estimates were calculated for both
nematode (meiofauna) and macrofauna assemblages following
Mahaut’s formula (Mahaut et al., 1995). The mass dependent
respiration rate (R, d−1) was calculated as:
R=a×Wb,
where W is the mean individual biomass (in mg C), and
the constant α=7.4× 10−3 and b=− 0.24. Total community
respiration of both meiofaunal and macrofaunal assemblages was
calculated as the product of the mass-dependent respiration rate
(R) and total biomass (in mgC.m−2), expressed as mgC.m−2.d−1.
Time-Series Isotope Enrichment
Experiment
Experimental Set-Up
In addition to field sampling, a pulse-chase experiment was
performed during the B2014/15 cruise, aiming to measure
bioturbation and different proxies of ecosystem functioning at
three distinct time points: at the start of the experiment (T0),
after 3 (T3), and 5 (T5) days. The end of the experiment
(T5) was determined by the ship time available, and T3 was
considered as a mid-point observation. Sediments were collected
from two 300-m deep stations that exhibited distinct trawling
disturbance regimes, i.e., st. 6 (AA) and st. 7 (FG; Figure 1),
but similar environmental setting (muddy-sand sediments),
initially established from detailed sediment charts from Instituto
Hidrográfico (2005a,b). By choosing two areas with similar
environmental characteristics we attempted to attenuate the
influence of important environmental conditions on our
observations (e.g., grain size, permeability and food availability),
known to strongly shape deep-sea infauna assemblages, as well
as oxygen and nutrient fluxes in the sediment (Levin et al.,
2001; Glud, 2008). Furthermore, even though we recognize the
importance of including an area close to pristine conditions
and legally protected (NT) in the experimental set up, due
to differences in depth and grain-size differences with the
main fishing ground, this could not be included in the
experimental set-up.
In total, 18 MUC cores were collected: nine at each station (AA
and FG) with three replicates at each time point (Supplementary
Table 2). The cores were maintained in a cold room in the dark
for 24h at in situ water temperature, i.e., 12◦C, and constant
oxygen flow provided by aquarium pumps. After acclimatization,
each core was randomly assigned to a distinct sampling time
step (n = 3 for T0, T3, and T5) and, except for the cores
assigned to T0 that were used as controls, a suspension of 13C
labeled algae (Skeletonema costatum) was added homogeneously
to the sediment surface of each core with a long pipette (ca.
2.6 mg C per core; 26% of 13C enrichment). S. costatum was
chosen because it is a common diatom species in phytoplankton
assemblages throughout the year along the Iberian Margin (Silva
et al., 2009). At each time step, the selected cores from each
trawl pressure group were sliced per centimeter down to 10 cm,
and subsampled for the analysis of: 13C uptake by sedimentary
total organic carbon (ca. 2 ml), 13C uptake by bacteria-specific
phospholipid-derived fatty acids (PLFAs) (ca. 10 ml), and pore-
water nutrients concentrations (remaining sediment for both
ammonium and nitrate concentrations). Sub-samples for pore-
water nutrient concentrations were stored at −20◦C, while
the remaining sub-samples were stored at −80◦C for further
laboratory analysis. Bacterial biomass from the T0 samples was
used in conjunction with meio- and macrofaunal biomass to
compare infaunal standing stocks between AA and FG (only
possible for the surface layer 0−1 cm).
Assessment of Biogeochemical Functioning,
Bioturbation and Bacterial Biomass and Production
The pore-water dissolved inorganic nitrogen concentrations,
specifically ammonium and nitrate concentrations (expressed as
µmol.l−1), were investigated along the vertical sediment profile
(down to 10 cm), as a proxy for biogeochemical functioning.
Changes in these nutrients concentrations within the sediment
column can indirectly indicate changes in bioirrigation and
bioturbation, as well as carbon remineralization processes
(Lohrer et al., 2004; Volkenborn et al., 2007). The pore-water was
extracted from each sub-sample through Whatman GF/C filters
and analyzed using a continuous flow analyzer the SKALAR SAN.
Bioturbation was inferred from 13C incorporation in the
sediment. Each sediment sub-sample was first freeze-dried and
grinded. Quantification of organic carbon content and isotopic
ratios were then carried out using a Thermo Flash EA 1112
element analyzer, coupled with a Thermo Delta V Advantage
Isotopic mass spectrometer (Thermo Fisher scientific). Due to
laboratory and analysis constraints, 13C labeled algae content in
the sediment and corresponding total organic carbon and total
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nitrogen values in the experimental cores were only measured
down to 5 cm depth.
Bacteria 13C algae uptake (production) and biomass
were derived from the concentrations of bacteria-specific
phospholipid-derived fatty acids PLFA’s, for the layers 0−1 cm
and 4−5 cm as described by van Oevelen et al. (2006). The polar
lipid fraction was extracted from the freeze-dried and grinded
sediments and derivatized using the mild alkaline methanolysis
to yield fatty acid methyl esters (FAMEs), following the Bligh
and Dyer method (Bligh and Dyer, 1959; Boschker, 2004).
13C concentrations of this component were analyzed with a
gas chromatography combustion interface isotope-ratio mass
spectrometer (GC-C-IRMS). Due to laboratory and analysis
constraints we analyzed only 0−1 and 4−5 cm for comparison.
The bacteria-specific PLFAs used included the i14:0 and ai15:0,
present in all of our samples, and accounted roughly for 8% of
all bacterial PLFAs (Middelburg et al., 2000) and 5.6% of the
total carbon content in bacterial cells (Brinch-Iversen and King,
1990), allowing for the estimation of total bacterial biomass.
Data Analyses
BEF Relationships Under Different Trawling Regimes
at the WIM
Correlations between structural diversity and ecosystem
functions (i.e., respiration rate and total respiration) for the
whole meio- and macrofauna field dataset (both B2013/17 and
B2014/15 campaigns), was explored by means of non-parametric
Spearman rank correlations using the software GraphPad PRISM
v6. Similar procedure was applied for analyzing the relationship
between ecosystem functions (i.e., respiration rate and total
respiration) and trawling pressure (swept area ratio). Significant
p-Values were adjusted for multiple testing using the Bonferroni
correction (Shaffer, 1995), by dividing the significance value of
each test by the number of hypotheses tested. Biodiversity indices
for all seven stations were calculated using the software PRIMER
v6 (Clarke and Gorley, 2006).
Comparison Between the Highly Disturbed and Low
Disturbed Stations (FG and AA)
The biological and environmental data from the field samples
collected at the same time and location as the samples for
the pulse-chase experiment (B2014/15; st. 6 and st. 7, from
here on designated as the AA and FG stations, respectively),
were tested for differences by means of non-parametric Mann-
Whitney U-tests, after rejection of normality and homogeneity
of dispersion (Quinn and Keough, 2002), using the software
GraphPad PRISM v6. The environmental parameters tested for
the surface (0−1 cm) and sub-surface (4−5 cm) by means
of non-parametric Mann-Whitney U-tests included: grain-size,
porosity, total organic carbon (TOC) and total nitrogen (TN).
Biological parameters were only compared from the surface
layer (0−1 cm), and included total bacterial biomass, meio-
and macrofaunal abundance, meio- and macrofaunal mean
individual biomass/total biomass and meio- and macrofaunal
respiration rate/total respiration. Note that comparisons for
the deeper layers (>1 cm) were not done here due to the
absence of consistent data for all benthic size-groups for the
different sediment depth layers. Nematodes were the dominant
meiofaunal taxon (68−90%), and thus with “meiofauna”
diversity and biomass, we are only referring to the nematodes.
Taxonomic and functional (trophic) biodiversity patterns were
also analyzed for meio- and macrofauna for both stations
(AA and FG) using several diversity indices, namely: species
or genus richness/trophic guilds richness (S/TG), Shannon-
Wiener diversity (H’), evenness (J’) (Pielou, 1966) and Hurlbert’s
expected number of taxa or trophic guilds (ES(n)/ETG(n)) for
20 individuals (Hurlbert, 1971). These biodiversity indices were
calculated using the software PRIMER v6 (Clarke and Gorley,
2006), and were also tested for differences between stations
by means of non-parametric Mann-Whitney U-tests, using
GraphPad PRISM v6.
Ecosystem functions investigated during the enrichment
experiment included: biogeochemical functioning (by
assessing vertical profiles of pore-water ammonium and
nitrate), bioturbation (13C sediment uptake) and bacterial
production (13C bacterial uptake). These variables were
tested separately for differences between stations subjected to
distinct trawling pressures [“Station(TP)”] over time (“Time”)
and accounting for sediment depth dependency (“Sediment
depth”), by means of a permutational multivariance analysis
of variance (PERMANOVA) using PRIMER v6 and the
PERMANOVA + add-on (Clarke and Gorley, 2006; Anderson
et al., 2008). These tests were applied on a Euclidean distance
matrix after normalization of the dataset. The PERMANOVA
design followed a 4-factor layout, with “Station (TP)” as a fixed
factor (levels: AA and FG); “Time” as a fixed factor [levels:
T0 (only for ammonium/nitrate concentrations), T3, T5];
“Sediment depth” as a fixed factor (levels: every cm down to
10 cm for biogeochemical functioning, and 0−1 and 4−5 cm
for the other variables), and “replicate core” as a random factor
nested in “Station (TP) × Time.” This design allowed to account
for the dependency of the depth layers within each replicate.
When a statistically significant effect (p ≤ 0.05) was found
for any of the factors investigated in the PERMANOVA main
test, pair-wise pseudo-t-tests were subsequently performed.
Homogeneity of multivariate dispersions was also tested using
the PERMDISP routine, but none of the factors identified by
the PERMANOVA tests showed a significant dispersion effect.
Corresponding total organic carbon and nitrogen content in the
experimental cores down to 5 cm were also investigated using
similar statistical analyses.
RESULTS
BEF Relationships Under Different
Trawling Regimes at the WIM
We identified significant negative correlations, after Bonferroni
correction, between trawling pressure and macrofauna total
respiration (R = −0.512; p ≤ 0.01; Figure 2F), and total
macrofauna biomass (R = −0.514; p ≤ 0.01; Figure 2B),
while respiration rates were positively correlated with trawling
pressure (R = 0.363; p ≤ 0.01; Figure 2D). Note that between
trawling pressure and different measures of meiofauna/nematode
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FIGURE 2 | Ecosystem functioning relationship with bottom trawling surface swept area ratio. Ecosystem functions investigated included (A,B) total biomass; (C,D)
respiration rate and (E,F) total respiration on the sediment surface (0–1 cm) for Nematoda (meiofauna) and macrofauna, respectively. *Indicates statistically significant
correlations; b indicates statistical significance after Bonferroni correction.
abundance and diversity no significant correlations were
detected (Supplementary Figure 1), nor between trawling
pressure and nematode respiration rates and total respiration
(Figures 2A,C,E).
Macrofauna BEF relationships investigated through
correlations between species richness and ecosystem metabolism
proxies (respiration rates and total respiration) were only
significant (positive) for total respiration (R = 0.433; p ≤ 0.05)
(Table 1). Significant positive correlations were also identified
between macrofauna species richness and biomass (R = 0.030;
p ≤ 0.05; Table 1). (Negative) BEF correlations for meiofauna
were identified between nematode genus richness and respiration
rates (R = −0.683, p ≤ 0.01), however, only within FG stations
(Supplementary Table 3).
Significant positive relationships after Bonferroni corrections
were identified between macrofauna species richness and trophic
(functional) diversity (R = 0.754; p ≤ 0.01; Table 1). Specifically,
predator-feeding guilds were positively linked with species
richness (R = 0.732; p ≤ 0.01; Table 1), despite the comparable
relative contribution of these feeding guilds to the macrofauna
trophic structure among all stations (Table 1).
Comparison Between the Highly
Disturbed and Low Disturbed Stations
(FG and AA)
Environmental Parameters
Generally, similar environmental conditions were observed at
the two stations sampled for the pulse-chase experiment (AA
and FG) in both the surface (0−1 cm) and sub- surface layers
(4−5 cm; Table 2). Overall, sediments were characterized as
muddy-sand (silt + clay content > 10%) composed of high
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TABLE 1 | Overview of the non-parametric Spearman-rank correlations results for
macrofauna species richness and macrofauna biomass, macrofauna associated
ecosystem function (respiration), and functional (trophic) diversity.
Macrofauna species richness
Spearman R P-value
Macrofauna Respiration rate NT 0.086 0.919
AA −0.104 0.750
FG −0.002 0.991
ALL −0.171 0.366
Macrofauna Total respiration NT 0.543 0.297
AA 0.214 0.550
FG 0.442 0.114
ALL 0.433 0.017
Macrofauna Total biomass NT 0.543 0.297
AA 0.214 0.550
FG 0.372 0.190
ALL 0.030 0.030
Macrofauna Trophic diversity NT −0.577 0.190
AA 0.680 0.036
FG 0.764 0.002
ALL 0.754 <0.0001b
Macrofauna Predator diversity NT 0.820 0.067
AA 0.545 0.105
FG 0.612 0.022
ALL 0.732 <0.0001b
Trawling pressure categories include: NT, not trawled; AA, adjacent area to the
fishing ground; FG, fishing ground. Bold values denote significant results. b indicates
significance after Bonferroni correction.
TABLE 2 | Overview of the sediment environmental characteristics
(average ± standard error) at the fishing ground (FG) and its adjacent area (AA)
stations in the sediment surface (0−1) and subsurface layers (4−5) cm.
Environmental
Variables
AA (st. 6) FG (st. 7)
0−1 cm 4−5 cm 0−1 cm 4−5 cm
Silt + Clay (%) 10.2 ± 2.02 12.9 ± 2.88 15.7 ± 1.24 17.4 ± 2.17
Very Fine Sand
(%)
16.5 ± 2.49 17.2 ± 0.93 13.6 ± 1.62 14.1 ± 1.32
Fine Sand (%) 38.2 ± 0.56 35.8 ± 0.46 25.2 ± 0.60 25.3 ± 0.93
Medium Sand
(%)
29.2 ± 2.64 27.3 ± 1.47 30.3 ± 2.41 29.1 ± 3.11
Coase sand (%) 5.9 ± 2.43 6.8 ± 1.88 15.2 ± 1.04 14.0 ± 0.55
Porosity 0.53 ± 0.002 0.49 ± 0.002 0.54 ± 0.070 0.48 ± 0.006
TOC (%) 0.42 ± 0.011 0.50 ± 0.039 0.38 ± 0.081 0.40 ± 0.027
TN (%) 0.05 ± 0.026 0.06 ± 0.017 0.04 ± 0.010 0.05 ± 0.007
proportions of both very fine and fine sand content (ca. 40−55%),
with no significant differences in terms of sediment porosity for
either the surface layer (U = 3; p > 0.99) and sub-surface (U = 2;
p > 0.80). TOC and TN concentrations were also similar in both
stations, both at surface (U = 2; p> 0.80 and U = 2; p> 0.80) and
sub-surface layers (U = 0; p > 0.20 and U = 1; p > 0.40).
Infaunal Standing Stock, Diversity, and Trophic
Composition
The infauna (meio- and macrofauna combined) showed
consistently higher abundances in the 0−1 cm layer at FG
(st. 7) than at AA (st. 6; Figure 3A). Total macrofauna
abundances were 672 ± 194.7 and 1035 ± 145.9 ind.m−2 at
the AA and FG station, respectively, and differed significantly
(U = 0; p ≤ 0.05). Meiofauna was typified by the dominance of
nematodes (68−90%) and total abundances found in the AA and
FG station, respectively, were 39367± 5948.8 and 49070± 7656.6
ind.m−2. No significant differences among stations were found
for meiofauna total abundances (U = 1; p > 0.05).
Unlike abundance, benthic biomass showed contrasting
trends between stations, dependent of the size group. Overall,
bacteria were the main contributor to total biomass at both
stations (Figure 3B), with a higher average contribution at FG
(91%) than at AA (67%), although not significantly different
(U = 1; p > 0.05). Nematoda (meiofauna) was identified as
the second most important contributor to total benthic biomass
at FG with larger nematode genera, while macrofauna relative
contribution prevailed over meiofauna at AA (macrofauna ca.
30% at AA vs. 1% at FG). Macrofauna biomass was significantly
different between these stations (U = 0; p ≤ 0.05; Figure 3B),
associated with a much higher mean individual weight at the
sediment surface (0−1 cm) of AA (st. 6; 0.34 ± 0.227 mgC;
Figure 3C).
Macrofauna and nematode biodiversity indices did not differ
significantly between the AA and FG stations (p > 0.05), with
the exception of macrofauna ETG(20) (U = 0; p ≤ 0.05), which
indicated a higher trophic (functional) diversity at AA when
compared to FG (Table 1). Macrofauna trophic structure was
more complex (Supplementary Figure 2B) in the AA sediments.
This resulted from relatively even contributions of the various
trophic groups that comprised the macrofaunal assemblages at
AA station. At the AA station, the relative contribution of
deposit and detritus feeders (37%) was highest, followed of
predators (23%), suspension feeders (16%), omnivores (8%),
and gazers (5%; Supplementary Figure 2B). The FG station
was characterized by a larger contribution of both surface
and subsurface deposit and detritus feeders (56%). Nematode
trophic composition at AA was also composed by lower
contributions of Wieser (1953) equivalent to deposit/detritus
feeding guilds (1A + 1B; 41%) when compared to FG (53%;
Supplementary Figure 2A).
Ecosystem Functions
Total nematode respiration estimates varied between
0.34 ± 0.069 and 0.59 ± 0.111 mgC.10 m−2d−1 in AA and
FG sediments, respectively, not differing significantly (U = 2;
p > 0.05; Figure 3D). Total respiration estimates for the
macrofauna assemblages showed significantly higher values
(U = 0; p ≤ 0.05) in AA (1.49 ± 1.676 mgC.m−2d−1) than in FG
sediments (0.13± 0.098 mgC.m−2d−1) (Figure 3D).
Biogeochemical functioning, investigated through pore-
water nutrient concentrations, showed marginally significant
higher concentration of ammonium in FG (F = 5.3926;
p = 0.0485). Ammonium concentrations increased with depth
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FIGURE 3 | Average (±standard error) benthic (A) abundances, (B) biomass, (C) mean individual biomass (MIB), and (D) total respiration for all size groups
(bacteria, meiofauna and macrofauna) at the surface of the sediments (0–1 cm) of station AA and FG. Note that for bacteria, only biomass measurements were
available. *Indicates significant differences between stations (p ≤ 0.05).
(F = 27.609; p ≤ 0.01); with the increase in ammonium
concentrations in sediment layers deeper than 5 cm relative to
the surface and subsurface layers (0 – 4 cm; Supplementary
Tables 4, 5), within the first 3 days of experiment (Figures 4A,B).
Ammonium profiles were similar after 5 days in both AA
and FG stations (Figure 4C). Pore-water nitrate concentrations
significantly decreased below 3 cm depth, but no significant
differences were detected between the profiles of the two studied
stations for the whole experiment duration (Figures 4D–F and
Supplementary Tables 6, 7).
The 13C labeled algae added were detected within the first
3 days of the experiment down to 3−4 cm sediment depth.
After 5 days, the 13C labeled algae signal was detected in both
AA and FG down to the deepest sediment layer investigated
(4−5 cm), yet no significant differences were detected between
the two stations (F = 0.505; p > 0.05). Significant differences
were found between the sediment depth layers (F = 68.702;
p ≤ 0.01) over time (F = 5.549; p ≤ 0.05) associated with
evident transport of the 13C labeled algae to the deeper
layer over the course of the experiment (Figures 5A,B and
Supplementary Tables 8, 9). FG sediments showed overall
significantly higher concentrations of organic carbon (%) in
the sediment surface layers over the course of the experiment
(Supplementary Figure 3 and Supplementary Tables 10, 11),
while nitrogen concentrations were more variable among
replicates (Supplementary Tables 12, 13).
The average uptake of the 13C labeled algae by bacteria
(bacterial production) showed significant differences between
stations with different trawling pressure and sediment depths
(interaction of both factors; F = 9.777; p ≤ 0.05; Supplementary
Table 14), mostly due to higher uptake in the surface layer
(0−1 cm; pair-wise test t = 2.957; p ≤ 0.05; Supplementary
Table 15). The higher bacterial uptake was consistently observed
at the AA station after both 3 and 5 days (Figures 5C,D).
DISCUSSION
Bottom trawling activities are effectively associated with the
deterioration of the seabed integrity, not only by altering
topography, substrate structure, but also by causing both direct
and indirect changes on the benthic assemblages (Martín et al.,
2014a; Clark et al., 2016). As a consequence of this activity,
changes in taxonomic and functional diversity (e.g., Duplisea
et al., 2001; National Research Council [NRC], 2002; Lohrer
et al., 2004) may occur, leading to altered ecosystem functions
in the sediment. Our primary goal in this study was to
investigate how changes in both meio- and macrofauna standing
stocks diversity and traits (feeding preferences, size-spectra) are
related to sediment ecosystem functions in areas subjected to
different trawling pressure regimes. To our knowledge, trawling
pressure on benthic processes has received little attention in
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FIGURE 4 | Pore-water ammonium and nitrate concentrations (average ± standard error) in function of sediment depth at the AA and FG stations, after (A,D)
acclimatization (T0), (B,E) three (T3) and (C,F) five (T5) days. Values expressed as average ± standard error.
the deep sea, such as the Western Iberian margin (WIM),
where trawling is known to impose an enormous pressure
on benthic habitats (Eigaard et al., 2016). In the context of
the European Union’s Marine Strategy Framework Directive
2008/56/EC (MSFD, European Commission, 2008) the existing
assessment of Good Environmental Status (GES) have a low
degree of confidence, and is hindered by the limited availability
of data (MAMAOT, 2012), including for key descriptors, such
as descriptor 1 (biodiversity is maintained) and descriptor
6 (seafloor integrity insures functioning of the ecosystems)
(European Commission, 2008).
Diversity and Ecosystem Function
Trends Across the WIM
General diversity trends investigated in field samples (Lins
et al., 2017; Ramalho et al., 2018) allowed us to account for
the spatial heterogeneity beyond the two stations investigated
during the pulse-chase experiment. Overall there was a
general decrease in species richness with increasing trawling
pressure for macrofaunal assemblages (Ramalho et al., 2018),
but not for meiofaunal genus richness. This cannot be
interpreted as a non-detrimental influence of trawling pressure
on nematode diversity, since unlike the macrofauna, nematodes
were not identified down to species level, and also because
the metrics investigated may not be sensitive enough to
detect effects on nematode assemblages. However, as nematode
biodiversity showed no correlation with increasing trawling
pressure, further interpretation of the BEF relationship (even
if absent) cannot assist predicting nematode-related ecosystem
functioning alterations under trawling disturbance conditions in
the present study.
Regarding macrofauna assemblages, the highly disturbed
locations showed overall a decrease in biomass with increasing
trawling pressure, which suggests that the shift in the benthos
size structure under conditions of high disturbance may be
consistent across the study region. Furthermore, we identified
significant positive correlations between macrofauna species
richness and total biomass and respiration, and with trophic
(functional) diversity, where both NT and AA displayed
consistently the highest functional diversity, including predator
richness. Baldrighi and Manini (2015), Baldrighi et al. (2017),
found similar positive correlations (both linear and exponential)
between biodiversity and functions related to macrofaunal
assemblages (i.e., biomass, trophic diversity, predator richness),
despite larger sample size, differences in geographical areas, depth
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FIGURE 5 | 13C algae uptake by the (A,B) sediment and (C,D) bacterial communities at the AA and FG station after three (T3) and five (T5) days, respectively. Values
expressed as average ± standard error.
ranges and biodiversity (species richness) ranges investigated in
their studies. The observed alterations of the trophic structure,
respiration rates and benthic secondary production (indirectly
assessed by biomass), in relation to trawling disturbance, is
an indication of its negative influence on nutrient and energy
fluxes across the food web. As energy transfer in marine
systems (across the food web) is predominantly determined
by biotic interactions among organisms (e.g., predation, but
also competition, facilitation; Strong et al., 2015; Spiers et al.,
2016), the capture and conversion of primary production into
secondary production by consumers is a key function of the
benthos (Strong et al., 2015). Moreover, there is increased
evidence that loss of species at higher trophic levels would have
more severe effects on the stability of food webs through top-
down control, and thus groups such as predators can have a
crucial role in carbon and energy cycling (Atwood et al., 2015;
Spiers et al., 2016).
Despite the indication of detrimental effects suggested by
our results, they need to be interpreted with caution owing
to the poor replication in relation to spatial environmental
heterogeneity and trawling disturbance intensity. Additional
observations are needed to determine if the observed significant
BEF relations can be extrapolated across depth-ranges and along
the WIM. This will be key to predict, with high confidence, how
disturbance patterns (e.g., exploitation of new fishing grounds)
may affect ecosystem functions that are facilitated by the infaunal
communities in the region.
Changes in Benthic Infauna and
Associated Ecosystem Functions
Different benthic faunal compartments (e.g., macrofauna and
meiofauna) have different capacities to sustain, recolonize and re-
establish after one or several disturbance events. Their distinct
responses will depend on both the assemblage traits, turnover
rates and faunal interactions (e.g., prey-predator relations,
facilitation processes; Sciberras et al., 2017), as well as on
the post-disturbance habitat conditions (Clark et al., 2016
and references therein; Yesson et al., 2016). Post-disturbance
environmental conditions in soft sediments habitats will be
determined by direct changes in sediment structure (e.g., porosity
and permeability), but also by alterations of the biotic and abiotic
processes that follow.
Our results suggest that some of ecosystem functions
investigated may be impaired, under conditions of varying
disturbance history. These differences were primarily perceived
by an increase of total macrofaunal abundances in the FG
station, which was in fact mostly due to an increase of the
smaller sized taxa (lower MIB) inhabiting disturbed sediments.
This was also associated with differences in trophic structure
in the two investigated stations (larger proportion of surface
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and subsurface deposit and detritus feeders in the fishing
ground; Ramalho et al., 2018). The influence of trawling
disturbance on macrofauna was also evident in the lower total
respiration for macrofauna in FG (st. 7), but not in nematode
(meiofauna) assemblages.
The shift in species size and traits toward smaller
opportunistic taxa under conditions of disturbance also
observed in mega-epibenthic taxa by Ramalho et al. (2017)
has been associated with a lower recovery capacity of sediment
biogeochemical conditions, as mediation of macronutrients
and carbon cycling was decoupled (Hale et al., 2017). In the
present study, in addition to the differences in terms of traits
of macrobenthos (both trophic, mean size, and respiration
rates) between the two FG and AA stations, we have also
observed significant differences in bacterial uptake rates and
biogeochemical functions based on ammonium concentrations
in sediments collected in these stations. Specifically, bacterial
uptake rates associated with the carbon transformation processes
were lower in FG sediments, while an increase in ammonium
concentrations was observed in FG sediments in deeper and
typically anoxic layers during the first 3 days of the experiment.
Increases in ammonium concentration in anoxic layers can
occur under alterations of the denitrifying bacterial communities
and/or depleted oxygen concentrations required to convert
ammonium into N2 via anaerobic ammonium oxidation
(anammox) (Laverock et al., 2011). Similar rises in ammonium
concentrations were found by Hale et al. (2017), while also
similarly to this study, nitrate profiles showed no differences
between sediments of low to high fishing disturbance. The
high ammonium concentrations found here, together with
the presence of smaller-sized macrofaunal individuals (lower
MIB) in the FG sediments compared to the AA sediments
could point to inefficient bioturbation activity in the disturbed
area that could indirectly affect biogeochemical functions
and bacterial productivity. Smaller macrofauna individuals
(lower MIB), but conversely larger nematode genera in FG
sediments when compared to AA sediments, are congruent
with a deprived oxygen provision in the deeper layers of the
sediments in highly disturbed seafloor areas. A decrease in
macrofauna standing stock (Levin, 2002) and the prevalence
of larger-sized nematodes (larger MIB observed in FG than
in AA sediments) has been observed in oxygen-deprived
deep-sea areas. The latter has been considered an adaption
to maximize oxygen absorption under oxygen-deprived
conditions (Jensen, 1986). Although the present results give
some indication of changes in ecosystem function depending
on trawling disturbance, a direct link between changes in
macrofauna size-spectra and a depletion of biogeochemical
functions and bacterial productivity cannot be effectively
established. The investigated faunal variables (e.g., trophic
preferences, biomass, and diversity) were not assessed on
the same sediment cores as the biogeochemical function
proxies and therefore spatial variability cannot be excluded
as a factor in the observed differences. Furthermore, the
hypothesis that changes in faunal assemblages will cause altered
bioturbation potential of the sediments remains unanswered
(no significant differences observed among treatments) probably
owing to the low number of replicates used. Finally, even
though we recognize the importance of including an area
close to pristine conditions and legally protected (NT) in
the experimental set up, due to differences in depth and
grain-size differences between the only close NT area and the
main fishing ground/adjacent areas, this undisturbed location
could not be included, and thus biogeochemical functions and
13C bacterial uptake in undisturbed conditions at the WIM
remain untested.
Noteworthy is that, in opposition to what was observed
for macrofauna, the absence of a significant effect of trawling
pressure on meiofaunal standing stocks (both abundance and
biomass), community composition (Lins et al., 2017) and
respiration, advocates for an overall absence of a detrimental
effect on the measured meiofauna/nematode variables. These
results contradict the results obtained by Pusceddu et al., 2014.
The contrasting results may be related with the differences in
organic matter concentrations under different conditions of
trawling pressure. Here at the start of the experiment, the first
5 cm of sediment showed similar environmental conditions
in both AA and FG, including in terms of organic carbon
and nitrogen, while Pusceddu et al., 2014 showed decreased
organic carbon concentrations with increased trawling pressure.
Generally, meiofaunal standing stocks are positively related
with food availability and quality in deep-sea sediments
(e.g., Ingels et al., 2009; Pape et al., 2013; Lins et al., 2017),
so this may partially explain the decreased in meiobenthos
with increasing trawling pressure in the study of Pusceddu
et al. (2014). Other differences identified between these two
studies were varying habitat conditions (e.g., depths, canyon
vs. slope) and/or differences in sample size (c.a. 50% more
samples analyzed by Pusceddu et al., 2014). Nevertheless,
while meiofauna can contribute to ecosystem processes via
micro-bioturbation (Rysgaard et al., 2000; Bonaglia et al., 2014),
in high diversity systems such as the study area (Ramalho
et al., 2018), the influence of strong interactions with the
macrofauna (competition and predation), may mask or decrease
the relevance of the meiofauna to sediment biogeochemical
functioning comparatively to macrofauna (Rysgaard et al., 2000;
Bonaglia et al., 2014).
CONCLUSION
The present study suggested a negative influence of trawling
disturbance on the benthos and related ecosystem functions.
The most evident effects were detected for the macrofauna
assemblages, with a prevalence of small-sized opportunistic
species under high physical disturbance conditions (fishing
grounds). Moreover, the general decline in macrofauna species
richness, functional (trophic) diversity and total respiration,
suggests that the long history of trawling disturbance along
the WIM may be affecting the integrity of the seafloor and
the capacity of the benthos to ensure fundamental ecosystem
functions and services. In contrast, the biomass of the small-sized
biota (meiofauna and bacteria) showed no marked differences
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associated with trawling regimes, although bacterial production
(13C uptake) was reduced in the FG sediments investigated
during the pulse-chase experiment. Trawling-induced changes
in macrofauna traits and size structure may result in an
inefficient bioturbation and low bioirrigation potential affecting
both biogeochemical functioning and productivity in marine
sediments. Further investigation is required to substantiate the
observed function impairment across the study area, including
larger sampling effort within AA and FG areas and a comparison
with pristine locations.
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